Abstract. This study is devoted to the investigation of the effect of molecular mass on the α-, β-and γ-crystallization tendency of isotactic polypropylene (iPP). The crystalline structure was studied by wide angle X-ray scattering (WAXS) and by polarised light microscopy (PLM). The melting and crystallization characteristics were determined by differential scanning calorimetry (DSC). The results indicate clearly that iPP with low molecular mass crystallizes essentially in α-modification. However, it crystallizes in β-form in the presence of a highly efficient and selective β-nucleating agent. The α-and β-modifications form in wide molecular mass range. The decreasing molecular mass results in increased structural instability in both α-and β-modifications and consequently enhanced inclination to recrystallization during heating. The formation of γ-modification could not be observed, although some literature sources report that γ-form develops in iPP with low molecular mass.
Introduction
Semicrystalline isotactic polypropylene (iPP) is a commodity polymer produced and applied in large quantity nowadays. Semicrystalline iPP is a polymorphic material, with several crystalline modifications including the monoclinic (α), the trigonal (β), and the orthorhombic (γ) forms [1] [2] [3] [4] . iPP crystallizes essentially into α-modification under traditional processing conditions. The α-form is the thermodynamically stable form according to the literature [1, 3, 4] . The modification of the crystalline structure of iPP by introduction of nucleating agents is one of the keys of its wide scale application fields.
The β-form of iPP (β-iPP) can be prepared by adding β-nucleating agents in the industrial practice [4] . Several efficient and selective β-nucleating agents are known in the literature [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . However, more or less α-iPP is always formed in their presence [5, [7] [8] [9] [10] . The pure β-form of iPP was prepared by Varga et al. [11] by the introduction of Ca-salt of suberic or pimelic acids. Recently, Zhang et al. [12, 13] used pimelic acid supported nano-sized CaCO 3 as β-nucleating agent. β-iPP has several advantageous properties compared to the traditional α-form, like higher impact resistance, ductility and better weldability [4, 14, 15] . The high impact resistance of β-form resulted in increased industrial interest in the past decades and simultaneously the number of available β-nucleating agents increased as well. The early studies revealed that iPP with low molecular mass (M w < 6000 g/mol) results in the formation of samples rich in γ-iPP [16] [17] [18] . The effect of molecular mass on the crystalline morphology in non-nucleated and β-nucleated peroxide degraded iPP has been studied by Wang et al. [19] . However, they carried out studies only in a narrow molecular mass range, where no significant changes were observed. Moreover, the effect of βα-recrystallization was not eliminated during their DSC studies in the case of β-nucleated samples. Recently, Chvatalova et al. [20] reported a detailed study about the effect of molecular mass on the β-crystallization ability of iPP. They performed their study using commercial iPP grades with different molecular masses and applied a commercial β-nucleating agent. It was also observed that during the crystallization of degraded iPP samples with enhanced content of γ-form were formed. Vychopnova et al. [21] have investigated the effect of photo-degradation on the crystallization tendency of β-nucleated iPP. They found that the crystallization tendency in the β-and α-forms decreases with increasing doses of irradiation, but they have not studied the polymorphic composition by WAXS technique. Therefore, they could not obtain any information about the formation of γ-form. Campbell et al. [22] observed that γ-phase forms in high molecular mass iPP at high pressure over 2000 bars as well. The influence of stereo-and regio-defects was observed during the early studies. Therefore, considerable amount of γ-iPP forms during the crystallization of ethylene/ propylene random copolymers of propylene (RC-PP) [23] . The results of a recent study by Krache et al. [24] supports the earlier result that the formation of γ-form is promoted by the stereo-and regiodefects in β-nucleated iPP as well. Juhász et al. [25, 26] studied the γ-crystallization tendency of β-nucleated and non-nucleated propylene/1-pentene copolymers and they found that the amount of γ-form increases with increasing of 1-pentene content. Moreover, the γ-crystallization tendency of 1-pentene copolymers was even higher than that of samples containing ethylene or butylene comonomer units. The structural features of γ-iPP was studied by Lotz and his co-workers [2] . They found that γ-modification forms within the α-phase on the lateral surface of α-iPP crystallites (α-γ lamellar branching). The crystallization tendency and polymorphic composition of low molecular mass iPP and its β-nucleated forms are reported in this study. Our goal was to explore the effect of changing the molecular mass in broad range on the crystallization tendency and the polymorphic composition of iPP.
Experimental part 2.1. Materials and sample preparation
A commercial iPP homopolymer with low molecular mass (Licowax PP 230) produced by Clariant and its β-nucleated form was used in the first series of our study. Licowax PP 230 (LICO) is often applied as lubricant and processing aid for high molecular mass iPP grades. The melt viscosity of LICO is very low (η = 1700 mPas at 170°C) indicating low molecular mass. In order to characterise the effect of molecular mass in broad range on the crystallization behaviour of iPP, peroxide degraded samples were produced from TIPPLEN H-804 neat iPP homopolymer powder (MFR = 0.2 g/10 min at 230°C, 2.16 kg of load) supplied by TVK according to the method of controlled rheology (CR) [19, 27, 28] . During CR processing different amounts of dicumyl-peroxide (Trigonox 101) were introduced into the iPP using a Henschel FM/A10 fluid mixer at 700 min -1 of rotating speed for 5 min. The samples were processed in a Brabender DSK 42/7 type compounder driven by a Brabender Plasti-Corder PLE 3000 unit. The temperature zones of the compounder were set to 190, 200, 220, 220°C respectively. After the CR processing the MFR of the samples were measured by CEAST Modul 7027 type equipment at 230°C with load of 2.16 kg. The complete decomposition of dicumyl-peroxyde was controlled by repeated measurements of MFR at 230°C. If the secondly measured MFR value was identical with the first one, we assume that all peroxide was reacted. All samples produced by CRprocessing and their designations are included in Table 1 . The non-degraded reference material with high molecular mass is H-804, which is designated as CR-0 in the followings. The molecular mass and its distribution were characterized by gel permeation chromatography (GPC) as well. GPC measurements were carried out using a PL-GPC 210 (Polymer Laboratories Ltd.) equipment according to ISO 16014 standard procedure. The samples were dissolved in 1,2,4-trichloro-benzene (TCB) (1 mg/ml) at 160°C for 2 hours and stabilized by 2,6-di-tert-butyl-4-methylphenol (BHT) (100 mg/l). 1000 ppm of Irganox 1010 as stabilizer and 500 ppm of Ca-stearate as acid scavenger were added to samples processed by CR technology, in order to avoid the further degradation. The calcium salt of suberic acid (Ca-sub), which is a highly efficient and selective β-nucleating agent, was added in 1000 ppm to all β-nucleated blends [11] . The homogenisation of the other additives -like stabilizers, acid scavenger and β-nucleating agent in the case of β-nucleated samples -after CR processing was carried out using a Brabender W50-EH internal mixer at 220°C for 5 min. Square shaped plaques (40×40 mm) with 1 mm of thickness were produced using a Fontijne hydraulic compression-moulding machine at 2.5 MPa of pressure. The polymer was melted at 220°C for 2 min and cooled down to room temperature slowly or rapidly under constant 2.5 MPa of pressure. In the case of slow cooling the heating of the compression moulding machine was switched off and the mould was cooled spontaneously down to room temperature with a cooling rate of 100°C/h approximately. The rapid cooling means that the mould was cooled by cold water, which results in a cooling rate of 100°C/min approximately.
Experimental techniques and methods
The structure was investigated by polarised light microscopy (PLM) and by wide angle X-ray scattering (WAXS) techniques. The PLM experiments were carried out using a Zeiss Axioscope microscope equipped by a Leica DFC 320 digital camera. In order to determine of the optical characteristics of the samples studied, a λ-plate was located diagonally between the crossed polarisers. The temperature of the samples was regulated by a Mettler FP 82 HT hot stage. The samples were crystallized under isothermal conditions after the elimination of thermal and mechanical prehistory by holding the samples at T = 220°C for 5 min. The samples were cooled to the crystallization temperature (T c ) at a cooling rate of 5°C/min. X-ray scattering patterns were recorded using a Philips PW 1830/PW type equipment with CuK α radiation at 40 kV and 35 mA and X Pert PRO MPD type equipment with CuK α radiation at 40 kV and 30 mA. The k value introduced by Turner Jones et al. [29] for characterisation of the β-content was calculated on the basis of the WAXS patterns. The melting and crystallization characteristics of the samples were studied by calorimetric (DSC) method. The thermal and mechanical prehistory was erased by holding the samples for 5 min at 220°C. Subsequently, the sample was cooled down to room temperature at a cooling rate of 10°C/min and the crystallization curves were recorded. The melting curves were obtained during heating from room temperature to 220°C with a heating rate of 10°C/min. During heating of the β-nucleated samples cooled down to room temperature, βα-recrystallization occurs that results in pronounced peak multiplication [30] . In order to eliminate the disturbing effect of βα-recrystallization, the end temperature of recooling (T R ) was set to T R = 100°C in the subsequent series of the experiment (second run). According to the melting memory effect of β-iPP discussed in detail in the literature [3, 4, 30] , βα-recrystallization does not appear during heating of the samples started from the critical temperature of T * R = 100°C. The β-content (β c ) can be estimated exactly from the melting curve of samples registered after limited recooling step [3] [4] [5] . The structural stability of the crystals are formed in LICO and β-LICO samples was characterized by melting curves recorded after cooling with different cooling rates (2, 5, 10, 20°C/min). The influence of the heat- ing rate on the recrystallization was studied in a series of experiments using heating rates of 10, 20, 40, 50 and 60°C/min.
3. Results and discussion 3.1. The crystalline structure of low molecular mass iPP WAXS patterns of the sample LICO and its β-nucleated form are given in Figure 1 . The non-nucleated LICO sample crystallizes essentially in the α-form. The characteristic diffraction peaks corresponding to the α-modification at 2θ of 14° (α 1 (110)), 16.5°( α 2 (040)) and 18.3° (α 3 (130)) respectively can be clearly seen in curve 1 of Figure 1 [17] . Predominantly β-iPP forms in the presence of the highly efficient β-nucleating agent used. The intensive diffraction peak at 2θ = 16° refers to the β-modification (β 1 (300)). However, a minor amount of α-iPP is still present in the β-LICO sample (Figure 1 curve 2). The k-value of β-LICO sample is 0.81. In contrary to the literature sources, which have reported that γ-modification forms in low molecular mass iPP grades [18] , γ-iPP could not be detected by WAXS technique in the samples studied. The supermolecular structure of LICO sample formed at 130°C is demonstrated in Figure 2 . The micrographs illustrate the formation of large spherulites with positive birefringence. The lamellar branching can be observed even in PLM micrographs, indicating a more opened spherulitic structure of the low molecular mass product. In order to observe individual crystalline entities on the optical level, the β-nucleated samples were crystallized at T c = 130°C (Figure 3 ). The size of the spherulites is much smaller than that in the nonnucleated sample, because of the presence of an efficient nucleating agent. The rod-like crystals with strong negative birefringence are formed in the early stage of crystallization (Figure 3b ). These entities transform into β-spherulites during the latter stage of crystallization ( Figure 3d ). According to the former studies [4, 31] the rod like crystals are β-hexagonites viewed from their edge. They are the precursors of the β-spherulites.
Melting and crystallization of iPP with low molecular mass
The crystallization and melting curves of LICO and β-LICO samples and those of the CR-0 and β-CR-0 as a reference material are shown in Figure 4a and 4b. The peak temperature of crystallization of β-LICO (T cp = 110.3°C) is higher than that of nonnucleated LICO samples (T cp = 105.6°C), indicating the presence of an efficient nucleating agent. In spite of the formation of two different polymorphic phases, one peak appears in the crystallization curves of β-nucleated samples [4, 5] . Accordingly, the α-and the β-modifications crystallize simultaneously. On the other hand, T cp of LICO and β-LICO is lower than that of non-nucleated and β-nucleated reference material (CR-0 and β-CR-0) with high molecular weight (T cp = 111. 8 The pronounced double melting peak of the nonrecooled β-LICO sample at 135 and 140°C relates to melting of the β-modification (Figure 4b , curve 2). Moreover, a small melting peak of the α-modification is discernible on the melting curve of the latter. According to the melting memory effect of β-iPP [30] , β-LICO sample cooled below T * R recrystallizes in to the α-form during the partial melting of unstable β-phase (βα-recrystallization) resulting in multiplied melting curves (Figure 4b , curve 3) and in the appearance of a large α-melting peak. The temperature range of the melting of the β-LICO is lower than that of α-LICO (Figure 4b) , because of the lower thermodynamical stability of the β-form. Since the melting temperature of high molecular mass α-and β-form is at about 166 and 155°C respectively, the lower molecular mass results in a decreased melting temperature for both modifications. The lower melting temperature of low molecular mass material is connected with a higher density of the chain ends incorporated in the crystal lattice, which leads to the formation of crystal defects, consequently less perfect structure with lower structural stability. The melting peak duplication of the α-and β-modification (Figure 4b ) can be explained by structural instability as well. The peak duplication resulted in the superposition of the endothermic perfection process (recrystallization) on the exothermic partial melting of the unstable crystal structure. Accordingly, the lower peak temperature (α and β) corresponds to the temperature, where the rate of the melting and recrystallization are identical [3, 4] . Consequently, the peaks at lower temperatures are not real, but apparent melting peak temperatures. The higher peak temperature (α′ and β′) indicates the melting of crystalline fraction formed during the recrystallization within the same phase (αα′-and ββ′-recrystallization) throughout heating. The structural stability depends on the thermal condition of the crystallization. The lower the crystallization temperature is, the higher is the structural instability. In a series of experiment, samples of low molecular mass iPP with different structural stabilities were prepared under non-isothermal crystallization at different cooling rates. The crystallization curves of LICO and β-LICO recorded at different cooling rates are presented in Figure 5 . The faster the cooling rate is, the lower is the peak temperature of crystallization and consequently the structural stability of the samples, although the β-nucleated LICO crystallizes always at higher temperature than the non-nucleated samples. The melting curves registered after cooling with different rates are given in Figure 6 . It is unambiguous that the recrystallized part (intensity of peaks α′and β′) increases with increasing the cooling rate, confirming the higher structural instability. Simultane- ously, the apparent melting peak (α and β) at lower temperature decreases, which confirms that the recrystallization starts at lower temperature in both modifications with increasing structural instability. Since the recrystallization is a time dependent process, the increase of the heating rate gradually surpasses the recrystallization during heating and consequently the peak duplication becomes less pronounced. This statement is proved by the melting curves presented in Figure 7a and 7b, where the influence of the heating rate on the melting profile of LICO and β-LICO is shown. It is well seen that the peak duplication at the highest heating rates (above 50°C/min) is almost disappears, i.e. the recrystallization is negligible. The melting peak temperature recorded with heating rate of 50°C/min (T mp = 152.7°C) can be accepted as T mp of crystalline fraction formed originally, because the disturbing effect of the αα′-recrystallization was practically eliminated. It worth mentioning that the inclination to the crystallisation can be approximately characterized by the apparent undercoolability, i.e. by the difference of melting and crystallization peak temperature (ΔT = T mp -T cp ). Based on the calorimetric data the undercoolability of non-nucleated and β-nucleated LICO and CR samples is summarized in Table 2 . The ΔT value for non-nucleated samples is little lower than of 50°C. ΔT decreases monotonously with decreasing molecular mass. The lower undercoolability (the higher inclination for crystallization) of LICO is a consequence of higher chain mobility and lower melt viscosity. The β-nucleated samples have significantly lower ΔT, because of the presence of a highly efficient nucleating agent, but ΔT decreases with decreasing molecular mass similarly to the nonnucleated samples. The results obtained by the variation of the cooling and heating rates confirmed that the explanation of the multiplication of the melting peaks is correct. The polymorphic composition can be calculated from the melting curve registered after limited recooling (T R = T * R = 100°C). the reduced β-crystallization tendency of low molecular mass iPP.
Crystalline structure of peroxidedegraded samples
In order to determine the influence on the molecular mass on the structural stability and the inclination for recrystallization, iPP samples with different molecular masses and MFR were prepared by controlled degradation process (CR) in the presence of dicumyl-peroxide. The molecular mass and MFR range achieved by CR processing as a function of peroxide content are shown in Figure 8 . The molecular mass of the samples is changing as a result of chain scission, which can influence the polydispersity and the regularity of the chain as well ( Table 1) . The WAXS patterns of non-nucleated CR samples registered on compression molded plaques are shown in Figure 9 . The diffraction peaks indicate that the samples -except CR-0 -crystallize in α-modification in the whole MFR range. In the case of CR-0, a small peak at 2θ = 16° appears that corresponds to traces of β-iPP. Its formation is probably induced by mechanical load on the melt during compression moulding [32] . It should be noted that the diffraction peak of β-iPP is more pronounced in the CR-0 processed with slow cooling rate (Figure 9b) . The diffraction patterns of β-nucleated CR samples are given in Figure 10 . . Supermolecular structure formed during isothermal crystallization of peroxide degraded samples at Tc = 130°C a) non-nucleated CR-0, tc = 10 min; b) β-nucleated CR-0, tc = 1 min; c) non-nucleated CR-800, tc = 10 min; d) β-nucleated CR-800, tc = 1.5 min; e) non-nucleated CR-1600, tc = 10 min; f) β-nucleated CR-1600, tc = 3 min can be concluded that the stereo-and regio-defects might play dominant role in forming of γ-modification instead of low molecular mass. We suppose that iPP produced using recent superactive catalyst systems, which provide highly stereoregular structure (isotacticity is usually higher than 98%), is not inclined to the formation of γ-form. The formation of γ-iPP observed in the pioneering works on this topic [18] might be explained by the lower stereoregularity of the earlier iPP grades. The supermolecular structure of peroxide degraded samples is demonstrated in Figure 11 . Large spherulites are formed (Figure 11a ) during the crystallization of the non-degraded reference material (CR-0) at T c = 130°C. All non-nucleated samples crystallize essentially in α-modification. Figure 11a , 11c and 11e demonstrate the crystalline structure formed after 10 min of crystallization of CR-0, CR-800 and CR-1600 samples respectively. The number of spherulites formed increases with increasing peroxide content, representing the increased molecular mobility of the peroxide degraded samples. The larger the mobility of the chains is the higher is the rate of formation of the nuclei. The presence of the β-nucleating agent promotes the formation of microspherulitic structure, which consists of β-iPP exclusively. Moreover, the crystallization of β-nucleated samples is much faster than that of the non-nucleated ones.
Melting and crystallization characteristics of peroxide-degraded samples
The melting curves of non-nucleated CR samples registered after limited recooling are shown in Figure 12 . The quantitative thermal characteristics obtained from evaluation of the crystallization and melting curves of non-nucleated CR samples are collected in Table 3 . The non-nucleated CR samples with lager MFR possess higher peak temperature (Table 2 ) of crystallization (T cp ). These results hint at the increased chain mobility as the consequence of the decreased melt viscosity and lower entanglement density. The melting peak temperature shifts toward to lower temperatures with decreasing molecular mass. Moreover, peak duplication signifying the decreased structural stability appears above peroxide content of 800 ppm (CR-800-CR-1600). The enthalpy of fusion (ΔH m ) increases with increasing MFR. We have to point out that this apparent increase can be caused by the more and more pronounced αα′-recrystallization with decreasing molecular mass. The more pronounced the recrystallization is, the higher is the ΔH m values. The melting curves of the non-recooled, β-nucleated CR samples are given in Figure 13 . The quantitative thermal characteristics obtained from the evaluation of crystallization and melting curves of β-nucleated CR samples are collected in Table 4 . The peak temperatures of crystallization of β-nucleated samples are higher than those of the nonnucleated ones and located in the vicinity of 120°C. T cp values increase slightly with increasing MFR (Table 4 ). The melting peaks are located in the temperature range of 145-155°C, which is characteristic of the β-iPP with high molecular mass. Furthermore, melting shifts toward lower temperatures with decreasing of molecular mass, similarly to the non-nucleated CR samples. The duplication of melting peak becomes visible at higher molecular mass range compared with non-nucleated samples. The pronounced peak duplication, which is caused by the ββ′-recrystallization of the unstable crystalline structure, can be clearly seen in β-CR-500-β-CR-1600 samples ( Figure 13 ). This observation ascertains that the structural stability of β-form is smaller than that of α-form, in spite of the fact that the β-nucleated samples are crystallized at higher temperature range (Table 3 and 4) . The β c values are higher than 98% in most of β-nucleated CR samples. The melting curves of β-nucleated samples cooled to room temperature are shown in Figure 14 . The melting profiles reflect that βα-recrystallization takes place during heating according to former observations [3, 4, 30] . It seems that increasing number of crystal defects caused by the chain ends included in the crystal lattice with decreasing of molecular mass promote the βα-recrystallization as well. Therefore, the βα-recrystallization overlaps with and suppresses the ββ′-recrystallization. The melting peak duplication hinting at the ββ′-recrystallization within the β-form appears only in the case of β-CR-1600 sample as an indistinct shoulder on the melting cure. We have to call the attention to the fact once again that βα-recrystallization superimposed on the partial melting of the β-phase during heating of the samples cooled down to room temperature influences the melting profile considerably. Therefore, melting peak temperatures and enthalpy of fusion determined from the melting curves recorded during heating from room temperature are apparent values. Consequently, the melting curves of recooled samples do not provide exact information about β c . Indeed, the β c values determined from melting curves of samples heated from room temperature are much lower than those obtained from Table 4 . Thermal characteristics of β-nucleated CR samples determined on the basis of the melting and crystallization curves
Tmp -peak temperature of melting of α-modification, where β and β' are the temperatures of the multiplied melting peaks non-recooled melting curves recorded during heating from 100°C (Table 4 ).
Conclusions
The objective of this work was to investigate the effect of molecular mass on the crystallization tendency of the polymorphic modifications of iPP in wide range. The results prove that iPP crystallizes essentially in α-form and the β-modification can be prepared by application of a highly active and selective β-nucleating agent in wide molecular mass range studied. The effect of molecular mass was studied on peroxide-degraded samples and a commercial iPP product with low molecular mass. Our results revealed that the decrease of molecular mass leads to increased structural instability of both α-and β-modification, which is manifested in decreasing of the melting temperature and in the enhanced inclination to the recrystallization during heating. The structural instability can be explained by the incorporation of the chain ends into the crystal lattices. The shorter the chains are the larger is the density of the incorporated chain ends and consequently the structural instability. The perfection process of unstable crystalline structure leads to pronounced αα′-and ββ′-peak duplication. In contrary to literature sources, which have reported that γ-modification forms in degraded samples and in low molecular mass iPP grades [18] , γ-iPP could not detected in the samples studied. The recently used catalysts systems seem to provide highly stereoregular structure, which is not liable to crystallize in γ-form. 
